The occurrence of glyphosate-resistant weeds has been reported after more than 20 yr of extensive use. Rigid ryegrass that evolved resistance to glyphosate was found in Australia and in California. Glyphosate-resistant rigid ryegrass plants were collected from northern California and selected through generations 8 and 5 to segregate the most resistant (R) and sensitive (S) biotypes. The eighth generation of R and the fifth generation of S biotypes survived 6.72 and died from 0.11 kg ae ha 21 glyphosate, respectively. The objectives of this study were to evaluate the role of metabolism in the observed resistance, to study the effect of glyphosate on the activity of 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS; EC 2.5.1.19), and to characterize the EPSPS gene in R and S rigid ryegrass. Neither quantitative nor qualitative difference was observed in the metabolism of 14 C-glyphosate between the biotypes. Activity of constitutive EPSPS decreased more significantly in the S than R biotype in the presence of 5, 50, 500, and 5,000 mM glyphosate. Inhibition of 50% (I 50 ) of the EPSPS activity by glyphosate was more than 90-fold in S compared to R biotype. Decreased EPSPS sensitivity in the R biotype appeared to be a major contributor to glyphosate resistance in rigid ryegrass from California. Fragments of the EPSPS gene containing 1,320 nucleotides were isolated from mRNA of S and R biotypes. A single nucleotide mutation from cytosine (C) to thymine (T) was identified at nucleotide 301 of the truncated EPSPS gene of the R biotype. This mutation changed the amino acid code from proline (Pro) to serine (Ser), which was similar to that reported for the glyphosate-resistant goosegrass from Malaysia and correlated with glyphosate insensitivity of EPSPS. Nomenclature: Glyphosate; goosegrass, Eleusine indica (L.) Gaertn. ELEIN; rigid ryegrass, Lolium rigidum Gaud. LOLRI.
Glyphosate resistance in rigid ryegrass was reported in Australia (Powles et al. 1998; Pratley et al. 1996) and in California (Simarmata et al. 2001) . The approach to investigate the glyphosate-resistance mechanism included (1) evaluation of physiological mechanisms including absorption, translocation, sequestration of absorbed glyphosate inside the plant cell, and metabolism; and (2) biochemical and molecular investigation of the target site, which is considered to be the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS; Heap and LeBaron 2001) .
Glyphosate metabolism in plants is very limited (Malik et al. 1989) . Although in some studies, metabolism of glyphosate was demonstrated in plants, transformation products did not significantly reduce its phytotoxicity (Sandberg et al. 1980) . Aminomethylphosphonic acid (AMPA), an intermediate metabolite of glyphosate, has limited phytotoxicity to rigid ryegrass (Simarmata et al. 2003) . That glyphosate metabolism did not contribute to glyphosate resistance has been reported in rigid ryegrass from Australia (Feng et al. 1999; Lorraine and Colwill 2003) , in goosegrass from Malaysia (Tran et al. 1999) , and in horseweed [Conyza canadensis (L.) Cronq.] across the United States (Feng et al. 2004) .
Differential glyphosate absorption by rigid ryegrass was not the major contributor for the observed resistance (Baerson et al. 2002a; Feng et al. 1999; Lorraine-Colwill et al. 1999 Simarmata et al. 2003) ; however, translocation may play a partial role. Simarmata et al. (2003) reported that sequestration of absorbed glyphosate into chloroplasts was not significantly different between R and S biotypes. LorraineColwill et al. (2003) reported differences in the pattern of glyphosate translocation between S and R biotypes in the Australian ryegrass. They concluded that glyphosate accumulated in the roots of the S biotype and accumulated in the leaf tips of the R biotypes. They proposed that this difference could contribute to the observed glyphosate resistance in rigid ryegrass from Australia. A similar pattern of glyphosate translocation was also reported in horseweed (Feng et al. 2004) .
The level of expression of EPSPS was reported not to be significantly different between S and R biotypes of rigid ryegrass from Australia, and the enzyme activities were equally sensitive to glyphosate inhibition (Lorrraine-Colwill et al. 2003) . Increase of enzyme activity levels of basal EPSPS mRNA was observed in the R biotype of rigid ryegrass from Australia, but differences in the glyphosate sensitivity of EPSPS between S and R biotypes were not apparent (Baerson et al. 2002a ). Both studies concluded that expression levels of EPSPS were indistinguishable between S and R lines and suggested that the mechanism of glyphosate resistance in rigid ryegrass from Australia could be nontarget-site based. The only similarity among the studies was the appearance of shikimic acid accumulation in the sensitive biotypes after glyphosate treatment (Baerson et al. 2002a; Lorraine-Colwill et al. 1999 Simarmata et al. 2003) . This evidence supports the hypothesis that the basis of the glyphosateresistant mechanism involves the shikimic acid pathway.
A report on a truncate of the EPSPS gene isolated from the mRNA of rigid ryegrass from Australia has been published on the website of the National Center of Biotechnology Information (NCBI, 2007; accession AF349754) . That report found no mutation in plastid mRNA of EPSPS. Recently, Wakelin and Preston (2006) identified a single mutation in the EPSPS from the Australian resistant rigid ryegrass that changed the amino acid 106 from proline (Pro) to threonine (Thr). In another report, Perez-Jones et al. (2005) identified no differences in the EPSPS cDNA between R and S biotypes of Italian ryegrass (Lolium multiflorum Lam.). This was different from the results on glyphosate-resistant goosegrass reported from Malaysia that found an altered EPSPS gene in the R biotype (Baerson et al. 2002b ). The mutation in the R biotype of goosegrass corresponded to a substitution previously identified in a glyphosate-insensitive EPSPS enzyme from Salmonella typhimurium (Baerson et al. 2002b; Ng et al. 2003 ). An altered nucleotide from C to T would change the amino acid code 106 from Pro to serine (Ser), and that change is known to decrease the glyphosate sensitivity of EPSPS in the R biotype (Baerson et al. 2002b) .
The objectives of this study were to evaluate the role of glyphosate metabolism in R and S biotypes of rigid ryegrass, to determine the difference in sensitivity to glyphosate of EPSPS from R and S biotypes, and to isolate and sequence the gene that encodes for EPSPS from mRNA of both rigid ryegrass biotypes from California.
Materials and Methods
Plant Materials. Plants of the R and S biotypes of rigid ryegrass from the eighth and fifth generations of the original source were used in this study to enhance homogeneity (Simarmata et al. 2001) . The S plants were killed by 0.11 ae kg ha 21 glyphosate whereas more than 64 times that amount was needed to kill the R plants. Plants were grown individually in 950-ml pots in professional planting mix media.
1 Plants were maintained in the greenhouse at 23 6 3 C with supplemental sodium vapor light to provide 1,000 mmol m 22 s 21 at midday and a 16/8-h day/night. The plants were watered daily and fertilized weekly with water soluble fertilizer (20-20-20) .
Metabolism of Glyphosate. Plants in the mature vegetative stage with four to five tillers were presprayed with 0.84 kg ae ha 21 (13) glyphosate plus 1% diammonium sulfate (AMS) before the treatment of 14 C-glyphosate.
2 Glyphosate was applied at 187 L ha 21 at 172.5-kPa pressure using a flat-fan nozzle tip 8001E. 3 Two leaves of each plant were each treated with two 5-ml drops of 14 C-glyphosate solution (specific activity, 370 Bq. ml
21
). Final concentration of the solution was similar to 13 glyphosate, which contained 14 C-glyphosate, isopropylamine salt of glyphosate, and 1% nonionic surfactant. 4 Treated plants were maintained at 23 6 3 C. Treated leaves were harvested and rinsed with distilled water at 1 and 3 d after treatment (DAT). Four leaves from two plants were pooled as one treatment for metabolite extraction. Leaves were macerated and homogenized in 10 ml of water for 2 min and then centrifuged at 17,300 3 g for 10 min. The supernatant was decanted, and the pellet was rehomogenized and centrifuged two more times. A total volume of 30 ml supernatant was concentrated to 1 ml at 60 C under N 2 .
A 20-ml drop of concentrated supernatant was developed on 50-mm cellulose thin-layer chromatography (TLC) plates 5 with the solvent system solution containing ethanol, H 2 O, 15 N NH 4 OH, TCA, and 17 N acetic acid at 55, 35, 2.5, 3.5, and 2% (v/v), respectively (Sprankle et al. 1978) . After development for 16 cm, the plates were scanned for 10 h in a radio analytical imaging system. 6 The images from the scanning were used to calculate the retention factor (R f ) (the ratio of the distance moved by the 14 C-extract to that of the solvent) values. The amount of 14 C, which was determined by the imaging system, was subjected to statistical analysis using PROC GLM in SAS. 7 Because there was no interaction between experiments, the percentage data presented are the means of two experiments with three replications in each.
Assay of EPSPS. The methods for extraction and isolation of EPSPS were modified from Boerboom et al. (1990) . Crown tissue (0.5 g fresh wt per sample) was harvested from rigid ryegrass plants, frozen in liquid nitrogen, and ground in a cold mortar with 150 mg polyvinylpolypyrrolidone (PVPP). The finely powdered tissue was ground further in 0.5 ml C from rigid ryegrass extracts after development in the solvent system for 10 h and scanning with a radioanalytical imaging system (C, original 14 C-glyphosate solution; R-1, R-3, S-1, and S-3, extracts from resistant and sensitive biotypes of rigid ryegrass at 1 and 3 d after treatment, respectively). extraction buffer (pH 7.5) containing 10 mM Trizma HCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 10% (v/v) glycerol, 1 ppm (wt/v) bovine serum albumin (BSA), 10 mM ascorbate, 1 mM benzamidine (BAM), and 5 mM dithiothreitol (DTT). The mixture was centrifuged at 15,000 3 g for 10 min at 0 to 4 C. The supernatant was desalted in a 1.0-ml Sephadex G-50 column 8 and further centrifuged at 1,000 3 g for 3 min. Total protein in the supernatant was quantified spectrometrically at 595 nm (Bradford, 1976) .
The assay of EPSPS activity was modified from Westwood and Weller (1997) . Reaction of shikimate 3-phosphate (S3P) and phosphoenolpyruvate (PEP) was assayed in microtubes Figure 3 . Electrophoresis visualization of cDNA bands of 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) gene from the resistant (R) and sensitive (S) biotypes of rigid ryegrass (39-end, main fragment, and 59-end) generated by random amplified cDNA end, polymerase chain reaction (RACE PCR). using 10 ml enzyme extract in a reaction mixture (pH 7.5). The reaction mixtures contained 50 mM HEPES, 1 mM (NH 4 ) 6 Mo 7 O 24 , 5 mM KF, 1 mM PEP, 1 mM S3P, and glyphosate at 0, 5, 50, 500, and 5,000 mM. The mixtures were incubated at 25 C for 20 min, stopped in water bath at 100 C for 2 min, and centrifuged at 15,000 3 g for 10 min to sediment the denatured protein. The reaction of S3P and PEP was quantified to determine the remaining PEP in the mixtures, which was analyzed spectrophotometrically at 340 nm by adding nicotinamide adenine dinucleotide (NAD), pyruvate kinase (PK), and lactate dehydrogenase (LDH). The control reaction used denatured plant extract (preheated in thermocycle at 100 C for 3 min) in the reactions. Enzymatic activity of EPSPS was expressed in enzyme unit (EU) per milligram of protein; 1 EU is equal to 1 mole of PEP used per minute in the assayed reaction and was calculated as a percentage of the control.
Data from duplicate experiments with three replications of each treatment were analyzed with nonlinear regression and fitted to a log-logistic equation (Seefeldt et al. 1995) : Table 2 . Sequence comparisons of truncated 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) from cDNA isolated from the crown tissue of the sensitive (S) and resistant (R) biotypes of rigid ryegrass, and the translation of amino acids (AA) sequences are shown above the nucleotide sequence. Nucleotide polymorphisms are not marked with an asterisk symbol below the nucleotide sequence, and the translation termination codon (TAG) is marked with (2). 
where y is the predicted EPSPS activity, C is the lower limit, D is the upper limit, x is the herbicide dose, I 50 is the herbicide dose required to inhibit 50% of EPSPS activity, and b is the slope at I 50 .
Isolation of the EPSPS Gene. Total RNA was isolated from the crown tissue of rigid ryegrass at vegetative maturity as described previously. The methods for RNA isolation were modified from Chomczynski and Sacchi (1987) . Poly A mRNA was isolated from total RNA by using Oligotex mRNA Mini Kit. 9 The procedures followed the manufacturer's recommendation. The quantity and quality of mRNA were determined spectrometrically.
The first strands of cDNA were synthesized from mRNA using the 59/39 random amplified cDNA end polymerase chain reaction (RACE PCR) kit. 10 Procedures for synthesis of the first strands of cDNA followed the kit's recommendations. It was started with transcription of the mRNA using dthymidine (dT) anchor and reverse transcriptase in the reaction buffer provided. The first strand of cDNA was used as a template for the PCR to amplify the main fragment of the EPSPS coding region using forward-and reverse-oligonucleotide primers (FP1 and reverse RP1, respectively). 11 These primers were constructed based on the published EPSPS gene of rigid ryegrass from Australia (GenBank accession AF349754). The PCR mixtures, including the cDNA template, forward and reverse primers, buffer, 12 dNTP (nucleotides mix), 12 and tag polymerase, 12 were developed in the thermocycle with temperatures for the primers adjusted as recommended by the manufacturer. If annealing temperatures of the primers were more than 1.0 C apart, the reactions were assigned by touchdown PCR (Don et al. 1991) . PCR products were subjected to electrophoresis to identify a successful amplification by visualization of a band under UV light. The band was excised, and the DNA was gel-extracted using the kit (59/39 RACE PCR kit). The extracted DNA from PCR products was sequenced at the Genomic Technology and Support Facilities (GTSF) at Michigan State University.
The 39 end of EPSPS gene was generated by 39 RACE PCR using the first strand of cDNA as a template. Forwardoligonucleotide primer (FP2) 11 was constructed from the main fragment of the EPSPS coding region sequenced previously, and an anchor primer provided in the kit was used as a reverse primer. The PCR mixtures were developed in thermocycle as mentioned previously, and temperatures were adjusted as the manufacturer recommended. Amplification products were electrophoresed and further processed as described previously.
The 59 end of EPSPS coding region was generated by the 59 RACE PCR. Reverse-oligonucleotide primers (RP2, RP3, and RP4) 11 were constructed from the main fragment of the EPSPS coding region, which were sequenced previously. The strand of 59 end cDNA was synthesized from mRNA using the primer RP2 and reverse transcriptase in the buffer reaction as mentioned previously. Poly A tails were attached at the 59 end of the cDNA strands in the reaction of dATP nucleotides and terminal transferase, which were provided in the same kit. PCR was used to amplify the 59 end of the EPSPS coding region using the strand of the 59 end of cDNA as a template and dT-anchor and RP3 as a forward and reverse primers, respectively. For better amplification of the 59 end of the EPSPS gene, nested PCR was generated with the current PCR product as a template, using the anchor primer and RP4 as forward and reverse primers, respectively. Temperatures for amplification of the PCR mixtures were adjusted as the manufacturer recommended. Amplification products from the nested PCR were electrophoresed, visualized, and further processed as described previously.
To confirm the sequences from the PCR products, the main fragments, 59 end, and 39 end of the EPSPS coding regions were cloned into a plasmid, using the pGEM Easy Vector System II. 13 The fragments from PCR products were ligated into the vectors and then transformed into JM109 competent cells and grown on bacto-agar plates that contain ampicillin, isopropyl-b-D-thiogalactopyranoside (IPTG), and 5-bromo -4-chloro-3-indolyl-b-D-galactopyranoside (X-gal) . After culture at 37 C for 24 h, the growth of white colonies indicated successful transformations. The white colonies were further grown in the LB media containing ampicillin with shaking at 37 C for 24 h. The plasmid DNA was then extracted using the extraction kit. 9 The insert fragments were sequenced at the GTSF, Michigan State University.
DNA sequences of three fragments of the EPSPS protein coding region, which were generated by 59/39 RACE PCR, were assembled into continuous DNA sequences. Complete DNA sequences of S and R biotypes of rigid ryegrass were aligned and analyzed for nucleotide polymorphism and further megablasted in the NCBI website to search for homology with published EPSPS sequences. Nucleotide polymorphisms between the two biotypes were evaluated for amino acid changes.
Results and Discussion
Metabolism Study. Extracts from rigid ryegrass biomass treated with 14 C-glyphosate were successfully developed on the 50-mm cellulose TLC-plates (Figure 1 ). Extracts did not show differences between the R and S biotypes, and image patterns were similar to the original 14 C-glyphosate. Distribution of the scanned radiolabel in the R f region was also not significantly different between the biotypes. Percentages of 14 C extracts and 14 C glyphosate located inside the R f region were not significantly different and ranged between 95 and 99% per sample.
The results indicated that glyphosate metabolism did not contribute to the observed glyphosate resistance in the R biotypes of California rigid ryegrass. Similar lack of glyphosate metabolism has been reported for glyphosate resistance in goosegrass from Malaysia (Baerson et al. 2002a ), rigid ryegrass from Australia (Feng et al. 1999; Lorraine-Colwill et al. 1999 , and horseweed in the United States (Feng et al. 2004 ). These results are also consistent with other reports indicating a lack of glyphosate metabolism in plants (Malik et al. 1989; Sandberg et al. 1980) . The observed phytotoxicity of AMPA in the S biotype indicated that metabolism might not contribute to the observed glyphosate resistance in this rigid ryegrass (Simarmata et al. 2003) .
EPSPS Activity, Gene Isolation, and Sequencing. Evaluation of the constitutive EPSPS activity from S and R biotypes of rigid ryegrass showed significantly greater inhibition of the EPSPS in the S biotypes in the presence of 5, 50, 500, and 5,000 mM glyphosate (Figure 2 ). The I 50 ratio of EPSPS activity between the R and S biotypes was 91-fold. That result is in contrast to reports for Australian rigid ryegrass (Baerson et al. 2002a; Lorraine-Colwill et al. 1999 but is similar to those for glyphosate-resistant goosegrass from Malaysia (Baerson et al. 2002b) . Differences in accumulation of shikimic acid have been identified in almost all studies on glyphosate-resistance mechanisms. These results are consistent with glyphosate inhibition of EPSPS in the shikimic acid pathway (Baerson et al. 2002ab; Simarmata et al. 2003) .
Fragments of the EPSPS gene were successfully isolated by RACE PCR from cDNA of the S and R biotypes (Table 1; Figure 3 ). The cDNA fragments (59-end, main fragment, and 39-end) were aligned and sequenced as a truncate of the EPSPS gene. There are 1,320 nucleotides coding for 430 amino acids, with the termination codon TAG identified ( Table 2 ). The fragments from the EPSPS gene were megablasted and were identified as 97, 96, 89, and 88% homologous with the published sequences of partial-plastid mRNA EPSPS from Italian ryegrass (GenBank accession DQ153168.2), rigid ryegrass from Australia (GenBank accession AF349754.1), goosegrass from Malaysia (GenBank accession AJ417033.1) and with complete-codon EPSPS mRNA of rice (Oryza sativa L.) (accession no. AB016765.1), respectively. Several polymorphisms were observed between the S and R biotypes, but a substitution at nucleotide 301 from C to T changed the amino acid code from Pro to Ser. This mutation is similar to that reported in glyphosate-resistant goosegrass from Malaysia (Baerson et al. 2002b) . Recently, a different mutation on a single nucleotide was reported in the Australian rigid ryegrass, which changed amino acid 106 from Pro to Thr (Wakelin and Preston 2006) In summary, metabolism of glyphosate was not evident in either the R or S biotypes and appeared not to be the basis for glyphosate resistance in rigid ryegrass collected from California ( Figure. 1 ). Decreased sensitivity of EPSPS to glyphosate in the R biotype appeared to be a major contributor to the observed resistance in rigid ryegrass from California (Figure 2) . Fragments of EPSPS gene were isolated, sequenced, and aligned between S and R biotypes ( Table 2) . Substitution of nucleotide 301 from C to T changed the amino acid code from Pro to Ser (Table 2 ). This change contributed to the decreased level of glyphosate sensitivity of EPSPS in the R biotype of rigid ryegrass from California.
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